Here we present the dependences of the phase and attenuation constants of silicon carbide (SiC) cylindrical rod waveguide upon frequency at dierent temperatures, i.e. T = 1800
Introduction
Silicon carbide (SiC) has revolutionised semiconductor power device performance. It is a wide band gap semiconductor with an energy gap wider than 2 eV and possesses extremely high power, high voltage switching characteristics and high thermal, chemical and mechanical stability [1] .
The SiC waveguides have a wide range of applications. Hydrogenated amorphous silicon carbide optical waveguides for telecommunication wavelength applications is proposed and demonstrated in [2] . The work [3] presents a simple evanescent wave-sensing system based on plasma-enhanced chemical vapour deposition silicon carbide waveguides.
Engineers have been investigating and used circular cylindrical waveguides for many years due to their excellent electrodynamical characteristics (e.g. a large broadband width) and the wide possibilities for their implementation in microwave and optoelectronic devices as well as solid-state electronics. Dispersion characteristics for the low-loss waveguide modes, the linearly-polarized HE 11 mode and the TE 01 mode are obtained in [4] . The experimental results are compared to the metallic waveguide dispersion.
Thus exible dielectric waveguides have been demonstrated at 10 GHz and 94 GHz in [5] using thin-wall polymer tubing lled with low-loss, high-dielectric-constant powders. We can see in Figs. 35 of article [5] that usual dispersion characteristics of dielectric rod waveguide for the main (fundamental) and higher modes are smooth curves.
Nowadays a large stream of articles is dedicated to the investigations of the anomalous group-velocity, phase and attenuation constants in order to reach some very new unconvincing properties. The rst experimental demonstration of anomalous group-velocity dispersion in silicon waveguides across the telecommunication bands is presented in [6] . The dispersive and anomalous refraction properties of one-and two-dimensional photonic crystal waveguides are explained both phenomenologically and by simulations in [7] . Possible new ways for applications of semiconductor photonic bandgap devices are also discussed in this work. It is shown in [8] that modes of axially uniform waveguides can be made to have anomalous dispersion relations resulting from strong repulsion between two modes. From the literature review we see that the topic of the anomalous dispersion is actual and is widely investigated.
In this article we present the investigations of the anomalous dispersion in the absorptive circular silicon carbide waveguides at two higher temperatures and two radii.
The partial area method
The dispersion equation for the waveguide under our consideration is as follows [9] :
where 
are related with the longitudinal propagation constant and the permittivity and permeability of the SiC or the air medium as follows:
, where k = ω/c is the wave number in the air medium, h is the complex longitudinal propagation constant. • C at the cuto frequencies of the main modes [10] . It is known that the imaginary part of the permittivity is dependent upon frequency like
where the value ρ is the semiconductor SiC material specic resistivity, ω is the cyclic frequency, ε 0 is the dielectric constant. In Figs. 1 and 2 we see the dispersion characteristics of the investigated waveguide, when the radius of the waveguide is r = 2.2 mm, r = 2.5 mm and r = 3.2 mm. In Figs. 1, 2a we present the dependence of the real part of longitudinal propagation constant upon frequency, in Figs. 1, 2b the dependence of the imaginary part of longitudinal propagation constant upon frequency. Here we present the dispersion characteristics only of the main modes propagating in the SiC waveguide. In Figs. 1 and 2 real (a) and imaginary (b) parts are shown of the complex longitudinal propagation constant h = h − h i, which are normalized by the wave number k, h is the phase constant, h is the attenuation constant.
In Figs. 1, 2 we see that there are inhomogeneous values of h /k and h /k on the frequency. We see that real and imaginary parts of dispersion characteristics have unusual protrusions with minimal and maximal values in the narrow frequency area. The last essential attribute can be used for creation of sensitive modulators, lters, absorbers and so on. In Figs. 1, 2 we see that when the radius increases the points of minimum and maximum move to the lower frequency range. The dependence of position on the frequency axis of protrusion extrema is an intricate one and should be considered for each specic parameter, i.e. radius, SiC permittivity.
In Figs. 1, 2a we see that when the radius of the waveguide and the temperature decreases the cuto frequency of the main mode moves to the higher frequency range. In Figs. 1, 2a we see that when the temperature and the radius of the waveguide increase, the value of the phase constant peak increases. Analyzing the characteristics depicted in Figs. 1, 2b , we see that dependence of the waveguide losses upon temperature is quite complicated.
The values of the losses could change when the temperature increases. However this process depends upon the waveguide radius.
We could mention that when the radius increases the losses increase. The appearance of the points of minimum and maximum in Figs. 1 and 2 could be explained as follows. The electromagnetic eld concentrates near the waveguide boundary, i.e. at the junction of the air and SiC environments. The interaction between the SiC and air acts as the concentrator of electromagnetic eld of the waveguide main mode. Changing the frequency we could achieve the case when the eld is drawn into or pushed out the waveguide.
It needs to be mentioned that we have already calculated the dispersion characteristics of the circular waveguide made of SiC material, when r = 2.5 mm, T = 1800
• C in [11] . We should state that the real and imaginary parts of dispersion characteristics do not have unusual protrusions in this case.
We have calculated the electric and magnetic eld distributions of the main mode propagating in the circular SiC waveguide with radius r = 3.2 mm. In Fig. 3 we present the electric eld distribution when frequency is f = 25 GHz. The unusual protrusion of attenuation constant has a low value (see Fig. 2b ) at f = 25 GHz. Fig. 3 . The electric eld distribution of the main mode when radius of the waveguide is r = 3.2 mm, f = 25 GHz. Fig. 4 . The electric eld distribution of the main mode when radius of the waveguide is r = 3.2 mm, f = 30 GHz.
In Fig. 4 we present the electric eld distribution when frequency is f = 30 GHz. The unusual protrusion of attenuation constant has a high value (see Fig. 2b ) at f = 30 GHz. In Fig. 5 we present the electric eld distribution when frequency is f = 70 GHz.
In Figs. 68 we present the magnetic eld distributions when frequency is f = 25 GHz, f = 30 GHz and f = 70 GHz, correspondingly.
We see that when the frequency increases the imaginary part of the permittivity of SiC decreases (see formula (2)). In spite of this the dispersion curve has the anomalous peak of protrusion at frequency about 30 GHz when r = 3.2 mm. Comparing Figs. 35 we see that the electric eld distributions at 25 GHz and 70 GHz are similar and the electric eld distribution at 30 GHz diers from them. The components of the electric eld are large and have tangential behavior on the waveguide surface at 30 GHz (see Fig. 4 ). The large waveguide losses at the last frequency are caused by the structure of electric eld which concentrates in SiC material in special way. The magnetic eld strength lines are closed and have dierent distributions at every frequency (Figs. 68).
Conclusions
• We have created the new algorithm for investigation of the waveguides made of absorptive materials.
• We have discovered the anomalous behaviour of the dispersion characteristics at the certain waveguide radius and the frequency range.
• When the waveguide radius increases the extreme points of unusual protrusion of attenuation and phase constants move to the lower frequency range.
• When the waveguide radius increases the maximal value of attenuation constant protrusion increases.
• The extrema points of the attenuation constant move to the higher frequency range when the temperature increases.
